INTRODUCTION
============

*cis*-Diamminedichloroplatinum (II) (cisplatin) is a drug widely used for many types of cancer therapy. A cisplatin-DNA crosslink, which is formed in inter- or intra-DNA strands, interrupts DNA replication and mitosis and severely damages proliferating cells ([@b11-molce-42-3-252]; [@b39-molce-42-3-252]; [@b40-molce-42-3-252]). The highly cytotoxic effects of cis-platin are also known to be involved with protein damages and cytoplasm-related apoptotic pathways. In addition, cis-platin induces endoplasmic reticulum (ER) stress in cancer cells ([@b59-molce-42-3-252]). Cisplatin is known to activate ER-specific caspase-12 through calpain, and increase the expression of GRP78, an ER stress marker, in the cytoplast as well as in intact cells ([@b31-molce-42-3-252]). Although cisplatin is a very active substance and a highly effective anticancer drug, its use is limited because of chemoresistance and its nephrotoxicity. Cancer cells acquire resistance to cisplatin via different pathways, and the mechanisms of resistance to cisplatin could be explained by a decrease in cisplatin accumulation, an increase in the intracellular thiol levels, an increase in DNA repair capacity, etc. ([@b50-molce-42-3-252]). Because resistance to cisplatin makes cancer treatment difficult, discovering new drugs for overcoming resistance is very important.

Docosahexaenoic acid (DHA, C22:6n-3), one of the omega-3 long-chain polyunsaturated fatty acids (PUFAs) derived from α-linoleic acid (ALA, 18:3n3), is used to induce apoptosis in cisplatin-resistant gastric cancer cells. Long-chain PUFAs of the omega-3 type have been known to have anti-cancer and anti-inflammatory effects ([@b45-molce-42-3-252]; [@b48-molce-42-3-252]). PUFAs decrease cancer cell growth, induce apoptosis in cancer cells, and increase the efficiency of anti-cancer drugs ([@b10-molce-42-3-252]; [@b24-molce-42-3-252]). DHA is also known to inhibit cancer cell proliferation and induce apoptosis through reactive oxygen species (ROS) production and caspase-8 activation in breast cancer cells and colon cancer cells ([@b6-molce-42-3-252]; [@b12-molce-42-3-252]; [@b33-molce-42-3-252]). DHA supplementation increases the sensitivity to cisplatin in cisplatin-resistant GLC4-CP cancer cells ([@b49-molce-42-3-252]). In addition, DHA increases doxorubicin sensitivity through the regulation of drug influx and efflux in human cervical carcinoma cells ([@b10-molce-42-3-252]). Therefore, it seems to be a good therapeutic agent for increasing the drug sensitivity of cancer cells. Effects of DHA in cisplatin-resistant cancer cells and the underlying mechanisms, however, are not understood.

Since long-chain fatty acids (FAs) such as EPA and DHA show anti-cancer effects, receptors of these FAs, such as G-protein-coupled receptor 120 (GPR120) and G-protein-coupled receptor 40 (GPR40) are considered as good therapeutic targets ([@b19-molce-42-3-252]; [@b41-molce-42-3-252]). Many G-protein-coupled receptors (GPCRs) that bind to free fatty acids (FFAs) have been identified over the last several decades. GPR120 is a receptor for long-chain PUFAs such as DHA and EPA, and saturated FAs. GPR120 is highly expressed in the intestine, macrophages, and lungs ([@b18-molce-42-3-252]; [@b25-molce-42-3-252]; [@b34-molce-42-3-252]). Omega-3 fatty acid-activated GPR120 inhibits proinflammatory signaling through the inhibition of TAB1-mediated TAK1 activation, consequently ameliorating insulin resistance in obesity ([@b34-molce-42-3-252]). In addition, GPR120 influences cholecystokinin secretion through the phospholipase C (PLC)-inositol 1,4,5-triphosphate receptor (IP~3~R) pathway ([@b42-molce-42-3-252]). Downregulation of GPR120, which is increased during adipocyte differentiation, reduces the transcription levels of PPAR-γ~2~ and aP2, resulting in the inhibition of adipocyte differentiation ([@b15-molce-42-3-252]). However, the relationship between DHA-induced cytotoxicity and the roles of GPR120 have not yet been elucidated.

The roles of DHA on ER stress and calcium homeostasis are controversial because DHA was shown to induce the unfolded protein response (UPR) and disrupt intracellular calcium homeostasis in some studies, while other studies have reported that it inhibits ER stress ([@b2-molce-42-3-252]; [@b3-molce-42-3-252]; [@b8-molce-42-3-252]; [@b22-molce-42-3-252]). Thus, by investigating the roles of DHA in cisplatin-resistant gastric cancer cells, we tried to identify the relationship between DHA and ER stress.

In this study, to understand the pro-apoptotic roles of diverse DHA mediators in DHA-mediated cytotoxicity, we investigated the relationship among DHA, ER stress, and apoptosis in cisplatin-resistant cancer cells. We found that IP~3~R and ROS production, as well as the long-chain FA receptor GPR120, are involved in DHA-induced apoptosis, suggesting that GPR120 could be used as a novel therapeutic target for the treatment of cisplatin-resistant cancer. In addition, CHOP, a key regulator of ER stress-induced apoptosis, plays a critical role in these conditions.

MATERIALS AND METHODS
=====================

Chemicals and reagents
----------------------

DHA, MTT (3-\[4, 5-dimethylthiazol-2-yl\]-2, 5 diphenyl tetrazolium bromide), dimethyl sulfoxide (DMSO), 2-aminoethyl diphenylboninate (2-APB), and N-acetyl-L-cysteine (NAC) were purchased from Sigma (USA). 2,7-Dichlorofluorescein diacetate (DCF-DA) was purchased from Molecular Probes (USA). The anti-CHOP and horseradish peroxidase-conjugated secondary antibodies were obtained from Cell Signaling Technology (USA). The anti-caspase-7, anti-PARP, anti-ATF4, anti-Actin, and anti-GAPDH antibodies were purchased from Santa Cruz Biotechnology (USA).

Cell lines and cell culture
---------------------------

SNU-601 cells and SNU-601/cis2 cells, which are human gastric cancer cells, were purchased from the Research Center for Resistant Cells at the Chosun university (Korea)([@b58-molce-42-3-252]). The cells were cultured in RPMI 1640 medium (WelGENE, Korea) containing 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin/streptomycin mixture (Gibco) at 37℃ under a humidified atmosphere with 5% CO~2~ conditions. HEK293 cells were routinely maintained in DMEM (WelGENE) containing 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin/streptomycin mixture (Gibco).

Preparation of hairpin design and shRNAs
----------------------------------------

Two pairs of shRNAs and one pair of shRNAs were chosen according to the GPR120 (NM_001195755.1) and CHOP (NM_001109986.1) sequences, following the guideline of Addgene (Cambridge, USA). Each pair contained a specific 21-nt human GPR120 or rat CHOP sense sequence followed by a short spacer (CTCGAG), anti-sense 21-nt sequences, and a transcription termination signal. The target sequences for GPR120-shRNA-2, GPR120-shRNA-6, and CHOP-shRNA are 5′-CCGGCTGGTCATTGTGATCAGTTAC[*CTCGAG*]{.ul}GTAACTGA TCACAATGACCAGTTTTTG-3′, 5′-CCGGCCTCATGGTCTCCTT CTTCAT[*CTCGAG*]{.ul}ATGAAGAAGGAGACCATGAGGTTTTTG- 3′, and 5′-CCGGGAGGAAGAAGAGGAAGATCAA[*CTCGAG*]{.ul}TTGATCTTCCTCTTCTTCCTCTTTTTG-3′, respectively. The pairs of shRNAs, which were designed to contain terminal *EcoR*I and *Age*I restriction sites, were subcloned into a vector to generate the pLKO.1-GPR120 and pLKO.1-CHOP shRNA vectors.

Production of lentiviruses for cell infection
---------------------------------------------

Lentiviruses were produced by transfecting HEK293 cells with a four-plasmid system containing pLKO.1-shRNA, pMDLg/pRRE, pMD2-VSVG, and pRSV-Rev. The transfection was performed with iN-fect (iNtron, Korea), according to the manufacturer's instructions. The lentiviral supernatants were collected at 24 and 48 h post-transfection by filtration. The filtered lentiviral supernatants were stored in a deep freezer at −70℃. The SNU-601/cis2 cells were plated in a 100-mm cell culture dish at density of 1 × 10^6^ cells. After 16 h, the cells were infected with 1 ml of the lentiviral supernatants containing 8 μg/ml polybrene. About 24 h post-infection, the culture medium was replaced with fresh medium containing 0.8 μg/ml puromycin. After 48 h, puromycin-containing medium was replaced with normal growth medium for 24 h; the puromycin-selection step was repeated once more. After puromycin selection, the expression levels of GPR120 and CHOP were quantified by RT-PCR analysis using the total RNAs isolated from each cell line.

Measurement of cell viability
-----------------------------

The MTT assay was used to determine the number of viable cells. SNU-601 and SNU-601/cis2 cells were seeded into 96-well plates and incubated for 16 h. The cells were treated with various concentrations of cisplatin and DHA. When needed, the cells were pre-treated with the IP~3~R inhibitor 2- APB or the ROS scavenger NAC for 2 h before the DHA treatment. After washing the cells twice with PBS, 300 μl or 500 μl of fresh medium containing 0.5 mg/ml MTT was added to each well and incubated for 2 h at 37℃. The insoluble formazan was dissolved using 300 μl of DMSO. The absorbance of the soluble substrate was measured at 570 nm using an ELISA Reader (UYM 340; ASYS Hitech, Austria).

Immunoblot analysis
-------------------

Proteins from the cells were harvested using the RIPA lysis buffer \[150 mM NaCl, 1% Triton X-100, 1% Sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, 2 mM EDTA\] containing 1% phosphatase inhibitors and protease inhibitors. The protein concentrations were quantified using the Bradford method (Bio-rad, Hercules, USA). The proteins were boiled in 1× sample buffer \[500 mM Tris-HCl (pH 6.8), 10% SDS, 20% glycerol, 0.05% bromophenol blue, and 1% β-mercaptoethanol\] for 10 min at 100℃, and were then separated on SDS-polyacrylamide gels. The protein bands were then transferred onto Immobilon-P membranes (Millipore Corp., USA) and incubated with the respective antibodies at 4℃ overnight. Horseradish peroxidase-conjugated antibodies were added to the membranes, followed by incubation at room temperature for 2 h; the band signals were detected using a LAS-3000 Luminescent Image Analyzer (Fujifilm, Japan). To re-probe the blots, the membranes were treated with a stripping buffer \[100 mM β-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl (pH 6.8)\] at 60℃ for 30 min, washed thrice with TBST buffer for 10 min (each wash), and re-probed with other antibodies.

Detection of intracellular ROS levels
-------------------------------------

Intracellular ROS production was detected using the intracellular fluorescence probe DCF-DA. The cells were first treated with 10 μM DCF-DA for 2 h at 37℃. When needed, the ROS scavenger NAC, or the IP~3~R inhibitor 2-APB was used for the co-treatment of the cells with DCF-DA, and then, DHA or cisplatin was added to the cells. The cells were incubated for the time-periods indicated in [Figs. 1](#f1-molce-42-3-252){ref-type="fig"}[](#f2-molce-42-3-252){ref-type="fig"}[](#f3-molce-42-3-252){ref-type="fig"}[](#f4-molce-42-3-252){ref-type="fig"}--[5](#f5-molce-42-3-252){ref-type="fig"}. The fluorescence intensity of DCF was detected under a fluorescence microscope (ECLIPSE TS-200; Nikon) using a wavelength of 488 nm for excitation (magnification 200×). The ImageJ program was used for the quantification of the fluorescence intensities.

Real-time quantitative PCR
--------------------------

Real-time quantitative PCR was performed using HiPi Real-time PCR 2× Master Mix (SYBR Green, ELPiS, Korea), as described previously ([@b43-molce-42-3-252]).

Statistical analysis
--------------------

The values in this study are representative of at least three independent experiments. All results are shown as the means ± S.D. Statistical analysis of the data between the experimental groups was performed using the Student's *t*-test. *P* values less than 0.05 were considered statistically significant.

RESULTS
=======

DHA treatment induces apoptosis in cisplatin-resistant gastric cancer cells
---------------------------------------------------------------------------

Cisplatin has been widely used for many types of cancer therapies. However, in many cases, intrinsic or acquired resistance to cisplatin has decreased its efficacy ([@b50-molce-42-3-252]). Therefore, research for overcoming cisplatin resistance is very important. SNU-601/cis2 gastric cancer cells, which were selected by cisplatin resistance, showed 10 times higher resistance to cisplatin than the original non-selected SNU-601 cells in the cell viability assay. The IC~50~ value of cis-platin for SNU-601/cis2 was 10 times higher than that of the control cells ([Fig. 1A](#f1-molce-42-3-252){ref-type="fig"})([@b58-molce-42-3-252]). Although it is known that DHA induces apoptosis in many types of cancer cells, the effects of DHA on drug-resistant cancer cells have not yet been elucidated. Therefore, we studied whether DHA induces apoptosis in SNU-601/cis2 cells. When the SNU-601/cis2 cells were treated with various concentrations of DHA, the cell viability decreased considerably in a dose-dependent manner ([Fig. 1B](#f1-molce-42-3-252){ref-type="fig"}). The western blotting results showed that DHA treatment increased the expression levels of the active form of caspase-7 and cleaved form of PARP, suggesting that DHA induces apoptosis in cisplatin-resistant SNU-601/cis2 cells ([Fig. 1C](#f1-molce-42-3-252){ref-type="fig"}).

DHA treatment induces ROS-dependent apoptosis through IP3R activation in SNU-601/cis2 cells
-------------------------------------------------------------------------------------------

Since it has been reported that DHA induces apoptosis through an increase in ROS and caspase-8 activity in MCF-7 cells ([@b23-molce-42-3-252]), we tested whether DHA-mediated apoptosis in SNU-601/cis2 is related with ROS generation. When SNU-601/cis2 cells pre-treated with the ROS scavenger NAC for 2 h were treated with DHA for 4 h, DHA-mediated ROS generation was clearly reduced ([Fig. 2A](#f2-molce-42-3-252){ref-type="fig"}). Pre-treatment with NAC also rescued the viability of the DHA-treated cells ([Fig. 2B](#f2-molce-42-3-252){ref-type="fig"}). DHA-mediated cleavage of PARP and activation of caspase-7 disappeared notably after NAC treatment ([Fig. 2D](#f2-molce-42-3-252){ref-type="fig"}, left), suggesting that DHA-mediated apoptosis was mediated by the generation of ROS. Next, we investigated whether DHA-mediated ROS generation is related to IP~3~R activation, because it was reported that DHA treatment destabilized Ca^2+^ homeostasis through IP~3~ production ([@b1-molce-42-3-252]). IP~3~R activation, which induces calcium release from the ER, results in the lowering of the calcium in the ER lumen, causing the accumulation of misfolded proteins in the ER ([@b21-molce-42-3-252]). We tested whether the inhibition of IP~3~R by 2-APB diminishes DHA-induced phenotypes, such as increased ROS generation, reduced cell viability, and increased apoptosis. Pre-treatment with 2-APB decreased DHA-induced ROS generation ([Fig. 2A](#f2-molce-42-3-252){ref-type="fig"}, bottom), rescued the decrease in cell viability ([Fig. 2C](#f2-molce-42-3-252){ref-type="fig"}), and attenuated the DHA-mediated cleavage of PARP and activation of caspase-7 ([Fig. 2D](#f2-molce-42-3-252){ref-type="fig"}, right), suggesting that DHA could induce ROS-dependent apoptosis through IP~3~R activation in cisplatin-resistant SNU-601/cis cells.

Downregulation of GPR120 diminishes DHA-mediated ROS generation and apoptosis
-----------------------------------------------------------------------------

Among many receptors of FFAs identified so far, GPR120 and GPR40 are known to be activated by medium- or long-chain fatty acids such as EPA and DHA ([@b18-molce-42-3-252]; [@b20-molce-42-3-252]). GPR120 is known to be expressed in the stomach, lungs, liver, macrophages, and adipocytes ([@b18-molce-42-3-252]; [@b25-molce-42-3-252]; [@b34-molce-42-3-252]), and it has been suggested that GPR120 changes the intracellular calcium homeostasis through PLC activation ([@b42-molce-42-3-252]). PLC activates IP~3~R through the generation of IP~3~ and causes the release of calcium from the ER. When we checked the expression of GPR120 in SNU-601/cis2 cells, the GPR120 transcript was well observed in normal growth conditions; GPR120 knockdown, which was performed by infecting the cells with lentiviruses expressing shRNAs, abolished the expression of GPR120 ([Fig. 3A](#f3-molce-42-3-252){ref-type="fig"}). Interestingly, GPR120 knockdown increased the cell viability in DHA-treated cells ([Fig. 3B](#f3-molce-42-3-252){ref-type="fig"}). Next, we examined whether GPR120 knockdown influences DHA-mediated ROS generation and apoptosis. GPR120 knockdown notably attenuated DHA-mediated ROS generation ([Fig. 3C](#f3-molce-42-3-252){ref-type="fig"}). In this condition, the expression levels of both the cleaved form of PARP and the active form of caspase-7 were reduced ([Fig. 3D](#f3-molce-42-3-252){ref-type="fig"}), suggesting that GPR120, which is a receptor of DHA, plays a role in both DHA-induced ROS generation and apoptosis.

DHA-mediated induction of the UPR is involved with GPR120, IP3R, and ROS in SNU-601/cis2 cells
----------------------------------------------------------------------------------------------

It is known that DHA-mediated apoptosis is involved in ER stress in colon cancer cells ([@b22-molce-42-3-252]). ER stress and oxidative stress are closely involved in cell homeostasis and apoptosis, and some forms of ROS disrupt the protein folding capacity and cause ER stress ([@b5-molce-42-3-252]). Since the relationship between GPR120 and ER stress has not yet been elucidated, we tested whether DHA-mediated activation of IP~3~R and the generation of ROS are related with ER stress. DHA treatment induced ER stress, as expected, and pretreatment with NAC or 2-APB clearly reduced the DHA-induced expression of CHOP at both the transcription levels and steady-state protein levels in SNU-601/cis2 cells, as shown by the immunoblot and real-time PCR results ([Figs. 4A and 4B](#f4-molce-42-3-252){ref-type="fig"}). The steady-state expression levels of the ATF4 protein decreased after combined treatment with 2-APB and DHA ([Fig. 4A](#f4-molce-42-3-252){ref-type="fig"}, right). However, they decreased after 4 h and increased after 8 h in NAC and DHA-treated cells ([Fig. 4A](#f4-molce-42-3-252){ref-type="fig"}, left). The real-time PCR results show that pretreatment with 2-APB or NAC had no influence on ATF4 transcription ([Fig. 4B](#f4-molce-42-3-252){ref-type="fig"}, left). These results suggest that ATF4 expression is controlled by post-transcriptional-level regulation in our experimental conditions. Next, we investigated whether GPR120 is involved in DHA-induced ER stress. Downregulation of GPR120 by using specific shRNA decreased the DHA-mediated expression of ATF4 and CHOP ([Figs. 4C and 4D](#f4-molce-42-3-252){ref-type="fig"}). Similar to the results seen in [Figs. 4A and 4B](#f4-molce-42-3-252){ref-type="fig"}, downregulation of GPR120 reduced the expression of CHOP at both the transcription and steady-state protein levels, but reduced the expression of ATF4 only at the protein level. Collectively, DHA-mediated induction of the UPR is involved with GPR120, IP~3~R, and ROS in SNU-601/cis2 cells.

DHA-mediated induction of CHOP plays an important role in the apoptosis of SNU-601/cis2 cells
---------------------------------------------------------------------------------------------

Since CHOP, a downstream target of ATF4, is known to play a critical role in ER stress-induced apoptosis ([@b5-molce-42-3-252]; [@b37-molce-42-3-252]) and it was induced by DHA treatment in our experiments, we investigated whether CHOP is involved in DHA-mediated apoptosis. DHA-mediated increase in CHOP expression was reduced by the transfection of shCHOP RNAs in SNU-601/cis2 cells ([Fig. 5A](#f5-molce-42-3-252){ref-type="fig"}). CHOP knockdown significantly reduced DHA-mediated apoptosis, as seen by the decrease in PARP cleavage and caspase-7 activation ([Fig. 5B](#f5-molce-42-3-252){ref-type="fig"}). Similarly, the DHA-mediated reduction in cell viability was significantly rescued by the downregulation of CHOP ([Fig. 5C](#f5-molce-42-3-252){ref-type="fig"}). These results suggest that DHA-mediated induction of CHOP plays an important role in the apoptosis of SNU-601/cis2 cells.

DISCUSSION
==========

PUFAs are known to induce apoptosis and growth arrest in gastric cancer cells partially through lipid peroxidation ([@b9-molce-42-3-252]). The omega-3 FA DHA is known to induce apoptosis and cell cycle arrest through ROS generation and ER stress in many types of cancer, but its role in drug-resistant cancer cells has not yet been elucidated. In this study, during an attempt to find substances that reduce the viability of cisplatin-resistant gastric cancer SNU-601/cis2 cells, we found that DHA induced ROS-, GPR120-, and CHOP-dependent apoptosis. The IP~3~R blocker 2-APB reduced DHA-induced ROS generation and consequently reduced apoptosis. We also found that GPR120, a receptor of long chain FAs, is expressed in SNU-601/cis2 cells, and that the knockdown of GPR120 using specific shRNAs alleviated DHA-mediated ROS production, ER stress, and apoptosis. With regards to ER stress, GPR120 knockdown showed similar results as those in case of pre-treatment with NAC or 2-APB. Indeed, the knockdown of CHOP, a transcription factor that functions under ER stress conditions, markedly reduced DHA-induced apoptosis, indicating that CHOP plays an essential role in mediating the anti-cancer effects of DHA. These results suggest that GPR120 mediates DHA-induced apoptosis by regulating the IP~3~R, ROS, and ER stress levels in cisplatin-resistant cancer cells, and that GPR120 is an effective chemotherapeutic target for cisplatin resistance.

Although many reports have suggested that DHA has ER-associated functions, including the regulation of intracellular calcium/lipid homeostasis-mediated ER stress ([@b22-molce-42-3-252]), the mediators that function downstream of DHA have not been identified specifically. There are several evidences showing that GPR120 is involved in signaling pathways that regulate the intracellular calcium levels, indirectly suggesting that GPR120 mediates the effects of DHA. For example, GPR120 increases the intracellular calcium levels through the activation of PLC ([@b42-molce-42-3-252]), and short-splice variants of GPR120 have been reported to induce intracellular calcium increase ([@b55-molce-42-3-252]). Therefore, it is possible that ligands of GPR120, such as DHA, modulate intracellular calcium homeostasis and ER stress in GPR120-expressing cells. Indeed, in this study, we showed that GPR120 knockdown reduced DHA-mediated ROS induction and apoptosis ([Fig. 3](#f3-molce-42-3-252){ref-type="fig"}). These results indicate that GPR120 is a receptor that mediates the effects of DHA, and that ROS generation, apoptosis, and intracellular calcium homeostasis are related with the function of GPR120.

Cisplatin resistance, which reduces the efficiency of chemotherapy, is known to be acquired by reducing the accumulation of cisplatin in the cells, increasing DNA repair ability, and/or increasing the levels of cisplatin-binding nucleophilic species and proteins, etc. ([@b13-molce-42-3-252]; [@b51-molce-42-3-252]; [@b54-molce-42-3-252]). DHA, one of the major components of omega-3 PUFAs, is known to increase the chemosensitivity of multidrug-resistant cancer cells, as well as drug-sensitive cancer cells ([@b7-molce-42-3-252]). DHA-mediated changes in the composition of the plasma membrane, especially, the incorporation of DHA into membrane phospholipids and lipid rafts, increase the ratio of drug influx to efflux, resulting in increased chemosensitivity ([@b14-molce-42-3-252]; [@b61-molce-42-3-252]). Similar results were observed in leukemia cells from mice fed with the coconut oil diet, which contains high levels of PUFAs ([@b4-molce-42-3-252]). Although there are many explanations for the chemosensitizing effects of PUFAs, including lipid peroxidation, ROS generation, and gene expression, no report has indicated that GPR120-IP~3~R pathway-mediated ROS induction is involved with the effects of DHA, as shown in this study. The treatment of cisplatin-resistant gastric cancer cells with shGPR120, an inhibitor of IP~3~R (2-APB), and an antioxidant (NAC) reduced the effects of DHA, demonstrating the importance of this pathway. Our results support the claim that DHA-mediated activation of GPR120 induces ROS-mediated apoptosis in cisplatin-resistant gastric cancer cells, and that DHA could serve as a useful adjuvant for the treatment of multidrug-resistant cancer.

Many factors disrupting calcium homeostasis induce an adaptive response in the ER. The ER is a major organelle for protein synthesis/maturation and intracellular calcium homeostasis. Depletion of calcium from the ER lumen, as well as the accumulation of misfolded or unfolded proteins in the ER lumen lead to an ER stress response known as the UPR ([@b17-molce-42-3-252]; [@b38-molce-42-3-252]; [@b44-molce-42-3-252]). The interrelationship between calcium homeostasis, oxidative stress, and the ER stress is so complicated that it is hard to ascertain which event occurs upstream of the others. For example, IP~3~R-mediated Ca^2+^ release activates Ca^2+^/calmodulin-dependent protein kinase CaMKII, leading to the induction of NADPH oxidase and NADPH oxidase-mediated ROS generation and ER stress ([@b5-molce-42-3-252]; [@b27-molce-42-3-252]; [@b36-molce-42-3-252]). Furthermore, CHOP-induced ERO1α regulates IP~3~R activity, which generates the positive feed-forward cycle of the ER and oxidative stress processes ([@b5-molce-42-3-252]; [@b29-molce-42-3-252]). As shown in [Figs. 2](#f2-molce-42-3-252){ref-type="fig"}, [4](#f4-molce-42-3-252){ref-type="fig"}, and [5](#f5-molce-42-3-252){ref-type="fig"}, our results suggest that DHA-induced ROS generation seems to work upstream of the Ca^2+^-mediated induction of the ER stress response and apoptosis; the fact that not only scavenging ROS using NAC, but also inhibiting the function of IP~3~R prevented the elevation of the ER stress and apoptosis supports this idea ([Figs. 2](#f2-molce-42-3-252){ref-type="fig"} and [4](#f4-molce-42-3-252){ref-type="fig"}). The steady-state expression levels of the ATF4 and CHOP proteins were increased by DHA treatment ([Figs. 4](#f4-molce-42-3-252){ref-type="fig"} and [5A](#f5-molce-42-3-252){ref-type="fig"}). Since the expression of ATF4 and CHOP is closely related with the phosphorylation of eIF2α, which is regulated by the four eIF2α kinases PERK, PKR, HRI, and GCN2 that function in the integrated stress response (ISR) ([@b47-molce-42-3-252]; [@b56-molce-42-3-252]), it is likely that the four ISR kinases activated under conditions of DHA treatment contribute towards the elevation of the ER stress response and the induction of CHOP. Indeed, it has been reported that ROS-induced PERK activation plays an important role in the induction of apoptosis in diabetic cardiomyopathy ([@b30-molce-42-3-252]). Mitochondrial dysfunction-induced ROS also increases the expression of ATF4 through GCN2-mediated eIF2α phosphorylation in human gastric cancer cells ([@b53-molce-42-3-252]). When SH- SY5Y cells were treated with H~2~O~2~ to induce oxidative stress, eIF2α phosphorylation was induced by PKR ([@b60-molce-42-3-252]). ATF4 and CHOP also upregulate the transcription of genes related to protein synthesis, which leads to oxidative stress and cell death ([@b16-molce-42-3-252]). Collectively, these reports suggest that increased ROS generation could induce ER stress via direct action on the eIF2α kinases.

The mitochondria-ER association through mitochondria-associated ER membranes (MAMs) makes the ROS-apoptosis relationship more complicated. The Ca^2+^ channels of the ER, including IP~3~R, are enriched in MAMs, which might make the generation of calcium currents between the two organelles easy ([@b28-molce-42-3-252]; [@b46-molce-42-3-252]). The ER stress sensor PERK plays an important role in maintaining the ER-mitochondrion juxtaposition, which is required for ROS-based mitochondrial apoptosis ([@b52-molce-42-3-252]). CHOP, a pro-apoptotic factor of UPR, seems to function as a key player in DHA-mediated apoptosis in cisplatin-resistant gastric cancer cells. CHOP, a downstream target of ATF4, plays a pro-apoptotic role under ER stress conditions depending on the cellular context. Overexpression of CHOP decreases the expression of the anti-apoptotic factor Bcl-2 ([@b35-molce-42-3-252]) and increases the transcription of genes involved in protein synthesis, thereby inducing oxidative stress and apoptosis ([@b16-molce-42-3-252]). Considering that DHA-induced ROS generation is related to the induction of ER stress as well as IP~3~R activity as shown by our results, and that DHA-mediated cell cycle arrest, apoptosis, and the ER stress occur via the calcium-dependent induction of oxidative stress ([@b8-molce-42-3-252]), DHA-mediated ROS generation, ER stress, and IP~3~R activation seem to work as a positive feedback loop, thereby effectively exerting anti-cancer effects.

The results of this study suggest that DHA is a very important molecule for anti-cancer therapy, especially in GPR120-expressing cancer cells. Since GPR120 is reported to be expressed in macrophages, lungs, and the stomach ([@b18-molce-42-3-252]; [@b25-molce-42-3-252]; [@b34-molce-42-3-252]), it would be useful to examine the efficacy of DHA in cancer cells derived from these tissues. DHA is also known to decrease inflammation; it inhibits the production of inflammatory cytokines such as IL-1β, TNF-α, and IL-6 in human endothelial cells and human macrophages ([@b26-molce-42-3-252]; [@b57-molce-42-3-252]). In *in vivo* models, the oral administration of DHA and EPA was shown to decrease acute inflammation through the inhibition of ROS generation and cytokine secretion ([@b32-molce-42-3-252]). Since inflammation plays an important role for the maintenance of the cancer microenvironment and metastasis, controlling DHA-modulated cancer inflammation will greatly improve cancer treatment. Collectively, our results demonstrate that the anti-cancer effects of DHA are mediated by GPR120 via Ca^2+^, ROS, and CHOP. Therefore, GPR120 could serve as a novel therapeutic target for anti-cancer therapy not only for general cancers, but also for cisplatin-resistant cancers.
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![DHA treatment induces apoptosis in cisplatin-resistant gastric cancer cells\
(A) SNU-601 cells and SNU-601/cis2 cells were treated with various concentrations of cis-platin for 48 h as indicated, and their viabilities were determined using the MTT assay. (B) SNU-601/cis2 cells were treated with various concentrations of DHA for 24 h as indicated, and their viabilities were determined using the MTT assay. Significant differences have been indicated as \*\*\**p* \< 0.001. (C) SNU-601/cis2 cells were treated with various concentrations of DHA for 24 h. Then, the cell lysates were subjected to SDS-PAGE, followed by immunoblot analyses using antibodies specific for caspase-7, PARP, and GAPDH.](molce-42-3-252f1){#f1-molce-42-3-252}

![DHA treatment induces ROS-dependent apoptosis through IP~3~R activation in SNU-601/cis2 cells\
(A) SNU-601/cis2 cells pre-treated with 10 μM DCF-DA for 2 h were treated with 3 mM NAC or 50 μM 2-APB for 2 h, and then treated with 200 μM DHA for 4 h. Intracellular ROS generation was observed by fluorescence microscopy (400×). (B, C) SNU-601/cis2 cells pre-treated with 3 mM NAC or 50 μM 2-APB for 2 h were treated with 200 μM DHA for 24 h. Cell viability was determined using the MTT assay. Significant differences have been indicated as \*\*\**p* \< 0.001. (D) SNU-601/cis2 cells were treated with DHA alone or in combination with 3 mM NAC or 50 μM 2-APB for 24 h. Immunoblot analyses were performed using antibodies specific for PARP, caspase-7, and actin.](molce-42-3-252f2){#f2-molce-42-3-252}

![Downregulation of GPR120 diminishes DHA-mediated apoptosis in SNU-601/cis2 cells\
SNU-601/cis2 cells were transfected with shRNAs specific for GPR120 or EGFP as a control. (A) Transcription levels of GPR120 were measured by RT-PCR analysis using total RNAs isolated from each cell line. (B) The cells were treated with 200 μM DHA for 24 h, and their viabilities were measured using the MTT assay. Significant differences have been indicated as \**p* \< 0.05. (C) Cells pre-treated with 10 μM DCF-DA for 2 h were treated with 200 μM DHA for 4 h. The production of intracellular ROS was observed by fluorescence microscopy (top, 400×). Quantification shows the intensity of ROS generation (bottom). The ImageJ program was used for quantifying the fluorescence intensities. Significant differences have been indicated as \*\*\**p* \< 0.001. (D) The cells were treated with 200 μM DHA for 24 h and cell lysates were subjected to SDS-PAGE, followed by immunoblot analyses using antibodies specific for PARP, caspase-7, and GAPDH.](molce-42-3-252f3){#f3-molce-42-3-252}

![DHA-induced CHOP expression is involved with GPR120, IP~3~R, and ROS in SNU-601/cis2 cells\
(A, B) Cells pre-treated with 3 mM NAC or 50 μM 2-APB for 2 h were treated with 200 μM DHA for various time-periods, as indicated. The cell lysates were subjected to SDS-PAGE, followed by immunoblot analyses using antibodies specific for ATF4, CHOP, and GAPDH (A). Total RNAs were isolated and the relative levels of ATF4 and CHOP mRNAs were measured by real-time quantitative PCR. Significant differences have been indicated as \**p* \< 0.05, n.s; not significant (B). (C, D) SNU-601/cis2 cells transfected with shRNAs specific for GPR120 or EGFP were treated with 200 μM DHA for various time-periods, as indicated. The cell ly-sates were subjected to SDS-PAGE, followed by immunoblot analyses using antibodies specific for ATF4, CHOP, and GAPDH (C). Total RNAs were isolated and the relative levels of ATF4 and CHOP mRNAs were measured by real-time quantitative PCR. Significant differences have been indicated as \**p* \< 0.05, \*\*\**p* \< 0.001. n.s; not significant (D).](molce-42-3-252f4){#f4-molce-42-3-252}

![CHOP is involved in DHA-mediated apoptosis in SNU-601/cis2 cells\
SNU-601/cis2 cells transfected with shRNAs specific for CHOP or EGFP were treated with 200 μM DHA for 12 h (A) or 24 h (B, C). The cell lysates were subjected to SDS-PAGE, followed by immunoblot analyses using antibodies specific for CHOP and GAPDH (A) and PARP, caspase-7, and GAPDH (B). The cell viability was measured using the MTT assay. Significant differences have been indicated as \**p* \< 0.05 (C).](molce-42-3-252f5){#f5-molce-42-3-252}
